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ABSTRACT
All genetic and environmental factors contributing to differences in bone structure between individuals mediate their effects through
the final common cellular pathway of bone modeling and remodeling. We hypothesized that genetic factors account for most of the
population variance of cortical and trabecular microstructure, in particular intracortical porosity and medullary size – void volumes
(porosity), which establish the internal bone surface areas or interfaces upon which modeling and remodeling deposit or remove
bone to configure bone microarchitecture. Microarchitecture of the distal tibia and distal radius and remodeling markers were
measured for 95 monozygotic (MZ) and 66 dizygotic (DZ) white female twin pairs aged 40 to 61 years. Images obtained using high‐
resolution peripheral quantitative computed tomography were analyzed using StrAx1.0, a nonthreshold‐based software that
quantifies cortical matrix and porosity. Genetic and environmental components of variance were estimated under the assumptions of
the classic twin model. The data were consistent with the proportion of variance accounted for by genetic factors being: 72% to 81%
(standard errors �18%) for the distal tibial total, cortical, and medullary cross‐sectional area (CSA); 67% and 61% for total cortical
porosity, before and after adjusting for total CSA, respectively; 51% for trabecular volumetric bone mineral density (vBMD; all
p< 0.001). For the corresponding distal radius traits, genetic factors accounted for 47% to 68% of the variance (all p � 0.001). Cross‐
twin cross‐trait correlations between tibial cortical porosity and medullary CSA were higher for MZ (rMZ¼ 0.49) than DZ (rDZ¼ 0.27)
pairs before (p¼ 0.024), but not after (p¼ 0.258), adjusting for total CSA. For the remodeling markers, the data were consistent with
genetic factors accounting for 55% to 62% of the variance. We infer that middle‐aged women differ in their bone microarchitecture
and remodeling markers more because of differences in their genetic factors than differences in their environment. © 2014 American
Society for Bone and Mineral Research.
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Introduction

All genetic and environmental factors responsible for the
population variance of the structure of bone mediate their

effects through the cellular machinery of bone modeling and
remodeling.(1,2) The structure so assembled achieves strength for
loading and lightness for mobility by coordinated cellular activity
uponbone’s outer or periosteal surface and the three (endocortical,
intracortical, and trabecular) components of its inner or endosteal
surface.
Periosteal apposition increases bone’s external size and

modifies its shape, while concurrent resorptive modeling upon
the endocortical surface offsets the increase in cortical mass
produced by periosteal apposition and enlarges the medullary
canal. The net effect of periosteal apposition and endocortical

resorption is a shift of the cortex radially, which increases
resistance to bending.(3–5) Wider bones achieve a given bending
strength and avoid bulk by using less mass relative to their
size. Less mass is needed because resistance to bending of a unit
volume of bone is a fourth‐power function of its radial distance
from the neutral axis.(6) Lightness is also achieved by simulta-
neous intracortical remodeling, which forms cortical osteons,
each with their Haversian and Volkmann canals.(7–10)

The cellular activities upon the periosteal surface and
endocortical, intracortical, and trabecular surfaces are likely to
be coregulated, and most variation across the population is
probably due to genetic variation. From twin studies, variation in
areal bone mineral density (aBMD) has been found to be largely
consistent with genetic factors, with heritability estimates
ranging from 42% to 92%.(11,12) Few studies have quantified
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the contribution of genetic factors to the variation of bone
microarchitecture and bone remodeling.(13–15) Studies of twins
and their relatives have suggested that the population variances
of distal tibia and radius total volumetric BMD (vBMD), total cross‐
sectional area (CSA), and spine vBMD are largely genetically
determined.(13–17)

To the best of our knowledge, there is no information
concerning the genetic contribution to the variance of cortical
porosity, an important predictor of bone loss and fracture.(10,18)

We hypothesized that (i) the variances of microstructure and
remodelingmarkers are each largely genetically determined, and
that (ii) the covariance between porosity and medullary area
within a twin and across twins in the same pair is also largely
genetically determined.

Materials and Methods

Subjects

From 2008 to 2009, through the Australian Twin Registry, we
recruited 113 monozygotic (MZ) and 72 dizygotic (DZ) healthy
white female twin pairs aged 40 to 61 years living in Melbourne,
Australia.(5,10,19) Of these 370 women (185 pairs), 113 were
postmenopausal (amenorrhea for >1 year), 45 were perimen-
opausal (no menstrual cycles for 3 to 12 months), and 212 were
premenopausal (regular menstrual cycles for 3 to 12 months).
Using a questionnaire, we assessed zygosity (concordance of
zygosity determination by this questionnaire and genetic testing
is about 97%).(20) We excluded 30 women who currently used
hormone‐replacement therapy, and of the remaining 340
women, 322 had valid measurements at the distal tibia, whereas
9 of these 322 had invalid measurements at the distal radius
because of movement artefacts, for whom the values were
imputed. This left 161 pairs included (95 MZ and 66 DZ). After
excluding 21 twin pairs discordant for menopausal stage, we
performed additional analyses stratified by menopausal stage.
Analyses of premenopausal women included 92 pairs (57MZ and
35 DZ) and analyses of the combined peri‐ and postmenopausal
women included 48 pairs (27 MZ and 21 DZ). All women gave
written informed consent. The studywas approved by The Austin
Health Ethics Committee.

Bone microarchitecture

High‐resolution 3‐dimensional peripheral quantitative computed
tomography (HR‐pQCT; XtremeCT, Scanco Medical AG, Brütti-
sellen, Switzerland; isotropic resolution of 82mm) was used to
obtain images at the nondominant distal tibia and radius.(21,22)

The 110 CT sliceswere obtained at a standardized distance of 22.5
and 9.5mm from a reference line that was manually placed at
the endplate of the distal tibia and radius, respectively. The
40 most proximal slices in 110 slices of region of interest were
chosen because the thicker cortex allows accurate assessment of
porosity. Total, cortical, andmedullary CSAs, cortical porosity, and
trabecular vBMD were quantified using StrAx1.0, a new non-
threshold‐based method for quantifying porosity in vivo, which
segments bone into its compact‐appearing cortex, outer and
inner transitional zones, and trabecular compartment.(23)

To quantify porosity, bone was automatically segmented from
the surrounding soft tissue and then into its compartments using
curve profile analysis.(23) Cortical porosity was quantified by
estimating the void fraction of each voxel. To do so, themineralized
bone matrix volume of each voxel was quantified using an
interpolation function derived from the attenuation of voxels

containing fully mineralized bone matrix, which has a density of
1200mg HA/cc and was assigned a value of 100%. Voxels with an
attenuation equivalent to background were assigned a value of
0%. The volume fraction of a voxel that was void (ie, porosity) was
100% minus the mineralized bone matrix fraction.

Porosity was calculated as the average void volume fraction of
all voxels within the total cortex and within each of the three
cortical compartments, the compact‐appearing, outer, and inner
transitional zones. Segmentation and quantification of porosity is
accurate with R2 ranging from 0.88 to 0.99 for the correlation
between porosity at the distal radius and tibia assessed ex vivo
and gold standard micro‐CT (19‐micron resolution).(23) The
precision of the StrAx measurements of porosity, density, and
area were assessed by four repeated measurements at the distal
tibia and radius in 7 women, and the coefficients of variation (CV)
ranged from 0.5% to 3.0%.(23) Daily quality control was carried
out by scanning a phantom containing rods of hydroxyapatite
(QRM, Moehrendorf, Germany). The exposure dose of radiation
was �5mSv per scan at each site.

Fasting blood collected between 8 a.m. and 10 a.m. was
assayed for serum osteocalcin, C‐terminal cross‐linking telopep-
tide of type I collagen (CTX), and procollagen type 1 N‐terminal
propeptide (PINP) by electrochemiluminescence immunoassay
(Elecsys 1010 Analytics, Roche Diagnostics, Mannheim, Germany;
intra‐ and interassay CV 3% to 8%). Height and weight were
measured in light clothing without shoes.

Statistical methods

Remodeling markers and cross‐sectional area were transformed
to have approximately normal distributions using logarithmic
and square‐root functions, respectively. Summary statistics are
presented as mean and standard deviation (SD), separately for
MZ and DZ pairs. The generalized estimating equation (GEE)
method was used to compare trait means between MZ and DZ
twins, after adjustment for age, height, and weight and taking
into account the nonindependence of observations within twin
pairs. Missing values were imputed using random forest method.

Correlation coefficients, a measure of resemblance within twin
pairs, were estimated with the means adjusted for age, weight,
and height. These correlations are used to test the hypothesis
that genetic factors do not influence trait variation using the
likelihood ratio test, testing a model in which the correlations
for MZ and DZ pairs differed versus a model in which the MZ
and DZ twin pair correlations were equal. A significantly greater
correlation for MZ pairs is consistent with the existence of
genetic factors causing trait variation under the assumption that
the effects of nongenetic factors shared within twin pairs is
independent of zygosity.

A variance componentsmodel for a quantitative trait was fitted
to the data to determine the genetic and environmental
contributions to the variance of each trait again under the
assumptions of the classic twin design. This model assumes
multivariate normal distribution for a given trait across twin pairs
with the mean (m) being a function of covariates such as age,
height and weight, and a residual variance (V). The variance is
assumed to be decomposable into an additive genetic variance
(s2

A), common environmental variance (s2
C ) shared by twinswithin

the same pair, and individual environmental variance (s2
E ) specific

to an individual, and these are assumed to be independent.
The classic twin model assumes the correlation between the
environmental components is the same within twin pairs
regardless of zygosity. Given that MZ pairs share 100% of their
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genes and DZ pairs share, on average, 50% of their genes, the
covariance is s2

A þ s2
C forMZ twin pairs and s2

A=2þ s2
C for DZ twin

pairs.(24) Heritability is the proportion of variance attributed to the
additive genetic factor s2

A=s
2, wheres2 ¼ s2

A þ s2
C þ s2

E .
The univariate analyses above were extended to bivariate

analyses, which estimate the genetic and environmental
components of the covariance between two traits.(11) By
studying the cross‐trait cross‐twin correlation (eg, medullary
CSA in twin 1 and porosity in twin 2), a greater correlation for MZ
than DZ pairs is consistent with the existence of genetic factors
that influence the variation of both traits and therefore explain a
proportion of covariation between the traits within an individual.
Twin models were fitted under a multivariate normal model

using the statistical package FISHER,(24) with estimates, confi-
dence intervals (CIs), and inference based on asymptotic
likelihood theory. The likelihood ratio tests the null hypothesis
of no heritability, ie, s2

A ¼ 0 versus s2
A � 0.(25) The estimates of s2

A
and s2

C are highly negatively correlated (correlation¼ –0.92).
Also, although an estimate for a variance component might be
<0, we do not consider it appropriate to assume that parameter
itself is exactly 0. Therefore, if the unconstrained estimate of s2

C
was<0, we noted the width of the confidence interval and then
re‐estimated s2

A and s2
E with s2

C ¼ 0. (The same applied,

swapping s2
A ands2

C , if the unconstrained estimate of s2
A was

<0.) The widths of the CIs for the estimates under a constrained
model were assumed to be the same as for the estimates under
the unconstrained model.

Results

Univariate analyses

MZ and DZ twins did not differ in mean age, height, weight,
remodeling markers, or distal tibia and distal radius micro-
architecture (Table 1). For remodeling markers, after adjustment
for age, height and weight, within‐pair correlations for MZ pairs
ranged from 0.57 to 0.67 (standard errors [SE]�0.06–0.07), about
twice the correlations for DZ pairs, which ranged from 0.30 to
0.36 (SE �0.03–0.12) (Table 2). The differences between the MZ
and DZ pair correlations were highly significant. Under the
assumptions of the classic twin model, it was estimated that 55%
to 62% (SE �22%) of the variances of the remodeling markers
were attributed to genetic factors (Table 3).

For the distal tibial microarchitecture, after adjustment for
age, height, and weight, within‐pair correlations ranged from
0.73 to 0.84 (SE �0.03–0.05) for MZ pairs and from 0.36 to 0.58

Table 1.Age, Height,Weight, Bone RemodelingMarkers, andMicroarchitecture of the Distal Tibia andDistal Radius forMonozygotic (MZ)
and Dizygotic (DZ) Twins

MZ DZ

pMean SD Mean SD

Age (years) 48.9 5.34 48.5 5.11 0.618
Height (cm) 163 6.30 164 6.13 0.111
Weight (kg) 68.6 13.2 71.9 16.8 0.117
Bone remodeling markers (ng/mL)
Osteocalcin 20.4 8.43 20.7 7.12 0.365a

CTX 0.36 0.17 0.36 0.18 0.900a

P1NP 46.2 21.1 46.5 20.0 0.891a

Distal tibia microarchitecture
Cross‐sectional area (mm2)

Total bone 602 97.9 615 102.1 0.768b

Cortical 216 25.2 220 25.1 0.986b

Medullary 386 81.2 395 85.9 0.728b

Porosity (%)
Total cortex 57.3 5.46 57.9 5.37 0.333
Compact‐appearing cortex 33.1 6.15 33.3 6.12 0.628
Outer transitional zone 40.5 4.31 40.8 4.42 0.438
Inner transitional zone 81.8 2.70 81.5 2.93 0.622

Trabecular vBMD (mg/cm3) 170 43.4 180 48.1 0.227
Distal radius microarchitecture
Cross‐sectional area (mm2)b

Total bone 201 32.3 208 36.0 0.558
Cortical 81.1 9.00 83.3 9.10 0.356
Medullary 120 26.3 125 30.0 0.779

Porosity (%)
Total cortex 46.7 5.95 47.3 6.66 0.537
Compact‐appearing cortex 25.6 4.45 26.1 5.19 0.444
Outer transitional zone 34.8 3.49 35.3 4.18 0.341
Inner transitional zone 78.4 3.00 78.2 3.44 0.581

Trabecular vBMD (mg/cm3) 160 54.0 171 59.1 0.307

CTX¼C‐terminal cross‐linking telopeptide of type I collagen; P1NP¼procollagen type 1 N‐terminal propeptide; vBMD¼ volumetric bone mineral
density.
aLog transformed and adjusted for age, height, and weight.
bSquare‐root transformed and adjusted for age, height, and weight.
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(SE �0.02–0.10) for DZ pairs (Table 2, Fig. 1). Under the classic
twin model, it was estimated that 72% to 81% (SE �18%) of the
variances of total, cortical, and medullary CSAs, and 67% to 68%
(SE �17%) of the variances of porosity of the total cortex,
compact, and outer transitional zones were attributed to genetic
factors (Table 3). It was also estimated that 33% (SE�15%) of the
variance of porosity of the inner transitional zone and 51% (SE
�16%) of the variance of trabecular vBMD were attributed to
genetic factors.

Similarly, for the distal radial microarchitecture, after adjust-
ment for age, height, and weight, within‐pair correlations ranged
from 0.74 to 0.81 (SE�0.04–0.05) forMZ and from 0.46 to 0.57 (SE
�0.08–0.10) for DZ pairs (Table 2). It was estimated that 51% to
68% (SE �18%) of the variances of total, cortical, and medullary
CSAs were attributed to genetic factors, and 53% to 61% (SE

�19%) of the variance of porosity of the total cortex, compact,
and outer transitional zones (Table 3). Only 47% (SE�15%) of the
variances of porosity of the inner transitional zone and trabecular
vBMD were attributed to genetic factors.

At both sites, after additional adjustment of porosity for total
CSA, there was still evidence consistent with genetic factors
determining variation (ie, significantly greater MZ pair correla-
tions than DZ pair correlations), but the estimate of the genetic
component decreased (Tables 2 and 3), consistent with
adjustment for total CSA explaining up to 50% of the genetic
component of variance.

Variance component analyses suggested that nongenetic
(environmental) factors shared within twin pairs accounted for
12% to 41% (SE �15% to 18%) of the variance of porosity and
trabecular vBMD but were not detected for remodeling markers

Table 2. Within Twin Pair Correlations for Monozygotic (MZ) and Dizygotic (DZ) Twin Pairs, rMZ and rDZ, Respectively, With 95%
Confidence Intervals (CI), for Bone Remodeling Markers and Microarchitecture of the Distal Tibia and Distal Radius

Correlation

rMZ (95% CI) rDZ (95% CI)
pa95 pairs 66 pairs

Bone remodeling markers (ng/mL)
Osteocalcin 0.67 (0.56–0.76) 0.36 (0.15–0.55) 0.002
CTX 0.62 (0.50–0.72) 0.31 (0.25–0.37) <0.001
P1NP 0.57 (0.43–0.68) 0.30 (0.07–0.49) 0.016

Distal tibia microarchitecture
Cross‐sectional area (mm2)
Total bone 0.80 (0.73–0.86) 0.40 (0.37–0.43) <0.001
Cortical 0.73 (0.63–0.80) 0.36 (0.32–0.41) <0.001
Medullary 0.81 (0.74–0.86) 0.40 (0.37–0.43) <0.001

Porosity (%)
Total cortex 0.81 (0.73–0.86) 0.47 (0.28–0.63) <0.001

0.81 (0.74–0.87)b 0.50 (0.35–0.67)b <0.001
Compact cortex 0.84 (0.78–0.89) 0.50 (0.31–0.65) <0.001

0.84 (0.79–0.90)b 0.54 (0.39–0.70)b <0.001
Outer transitional zone 0.80 (0.72–0.86) 0.46 (0.26–0.62) <0.001

0.80 (0.73–0.86)b 0.46 (0.29–0.63)b <0.001
Inner transitional zone 0.74 (0.65–0.81) 0.58 (0.41–0.71) 0.023

0.75 (0.66–0.83)b 0.58 (0.45–0.72)b 0.023
Trabecular vBMD (mg/cm3) 0.79 (0.71–0.85) 0.54 (0.36–0.68) <0.001

Distal radius microarchitecture
Cross‐sectional area (mm2)
Total bone 0.81 (0.73–0.86) 0.49 (0.30–0.64) <0.001
Cortical 0.81 (0.74–0.87) 0.47 (0.28–0.63) <0.001
Medullary 0.79 (0.71–0.85) 0.53 (0.35–0.67) <0.001

Porosity (%)
Total cortex 0.76 (0.67–0.82) 0.49 (0.30–0.64) <0.001

0.77 (0.69–0.84)b 0.63 (0.48–0.75)b 0.025
Compact cortex 0.74 (0.64–0.81) 0.46 (0.26–0.62) <0.001

0.75 (0.66–0.83)b 0.54 (0.39–0.69)b 0.007
Outer transitional zone 0.78 (0.70–0.84) 0.47 (0.28–0.63) <0.001

0.79 (0.72–0.86)b 0.55 (0.39–0.69)b <0.001
Inner transitional zone 0.81 (0.73–0.86) 0.57 (0.40–0.71) <0.001

0.82 (0.75–0.88)b 0.62 (0.50–0.75)b <0.001
Trabecular vBMD (mg/cm3) 0.78 (0.70–0.84) 0.55 (0.37–0.69) <0.001

rMZ and rDZ¼ correlations for MZ and DZ twins adjusted for age, height, and weight. CTX¼C‐terminal cross‐linking telopeptide of type I collagen;
P1NP¼procollagen type 1 N‐terminal propeptide; vBMD¼ volumetric bone mineral density.

aUsing the likelihood ratio test for comparing MZ and DZ twin‐pair correlations.
bCorrelation additionally adjusted for total cross‐sectional area.
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and distal tibial total, cortical, and medullary CSAs. At the distal
radius, the contribution from shared environment ranged from
13% (SE �18%) for cortical CSA to 34% (SE �15%) for inner
transitional zone porosity (Table 3).
Stratifying by menopausal status showed that most of the

within‐pair correlations for remodeling markers and micro-
architecture remained significantly greater for MZ pairs versus
DZ pairs for premenopausal women. For the smaller group of
peri‐ and postmenopausal women, there was no statistically
significant evidence for a genetic component of variance.

Bivariate analyses

Within an individual, distal tibial cortical porosity and medullary
area correlated (r¼ 0.62, p< 0.001, Fig. 2A). The correlation
between the distal tibial cortical porosity of one twin and the
distal tibial medullary area of her co‐twin was significantly

greater for MZ compared with DZ twin pairs before adjustment
for total CSA (p¼ 0.024, Table 4, Fig. 2B) but not after adjustment
for total CSA (p¼ 0.258). The genetic correlation between these
two traits, without adjustment for the total CSA, was 0.64 (95% CI
0.54–0.68), whereas the individual environment correlation was
0.57 (95% CI 0.43–0.70).

Similarly, within an individual, distal radial cortical porosity and
medullary area correlated (r¼ 0.72, p< 0.001). The correlation
between distal radial cortical porosity in one twin and distal
radial medullary area of her co‐twin was significant (rMZ¼ 0.47
and rDZ¼ 0.37, all p< 0.001), but these cross‐trait cross‐twin
correlations were not greater for MZ than DZ pairs (p¼ 0.290 for
rMZ> rDZ) (so further analysis adjusting for total CSA was not
appropriate).

There were significant within‐individual correlations between
the distal tibial and distal radius measures of cortical porosity,
and cortical and trabecular vBMD. There were also significant

Table 3. Estimated Variance Components, s2
A and s2

C , With 95% Confidence Intervals (CI), Under the Assumptions of the Classic Twin
Model, for Bone Remodeling Markers and Microarchitecture

s2
A (95% CI) s2

C (95% CI) h2 (95% CI)

Bone remodeling markers (ng/mL)
Osteocalcin 0.06 (0.02, 0.10) 0.01 (–0.03, 0.04) 0.62 (0.21, 0.91)
CTX 0.12 (0.02, 0.22) 0.00 (–0.08, 0.08) 0.61 (0.20, 0.92)
P1NP 0.09 (0.01, 0.17) 0.003 (–0.06, 0.07) 0.55 (0.15, 0.90)

Distal tibia microarchitecture
Cross‐sectional area (mm2)

Total bone 1.64 (0.73, 2.56) 0.00 (–0.83, 0.83) 0.80 (0.33, 0.98)
Cortical 0.30 (0.10, 0.50) 0.00 (–0.19, 0.19) 0.72 (0.32, 0.95)
Medullary 1.97 (0.95, 2.99) 0.00 (–0.93, 0.93) 0.81 (0.34, 0.99)

Porosity (%)
Total cortex 12.8 (5.97, 19.6) 2.69 (–3.91, 9.28) 0.67 (0.29, 0.91)

8.01 (3.51, 12.5)a 2.64 (–1.82, 7.10)a 0.61 (0.27, 0.87)a

Compact cortex 16.2 (8.16, 24.2) 3.86 (–4.20, 11.9) 0.68 (0.31, 0.91)
12.8 (6.20, 19.4)a 5.09 (–1.70, 11.9)a 0.61 (0.29, 0.85)a

Outer transitional zone 8.24 (3.90, 12.6) 1.44 (–2.70, 5.58) 0.68 (0.28, 0.92)
8.03 (3.80, 12.3)a 1.42 (–2.60, 5.45)a 0.68 (0.28, 0.92)a

Inner transitional zone 1.99 (0.16, 3.81) 2.46 (0.70, 4.22) 0.33 (0.11, 0.67)
1.85 (0.16, 3.53)a 2.34 (0.70, 3.98)a 0.33 (0.11, 0.67)a

Trabecular vBMD (mg/cm3) 947 (352, 1542) 533 (–58.5, 1125) 0.51 (0.22, 0.79)
Distal radius microarchitecture
Cross‐sectional area (mm2)

Total bone 0.57 (0.26, 0.87) 0.15 (–0.14, 0.45) 0.63 (0.28, 0.89)
Cortical 0.12 (0.06, 0.19) 0.02 (–0.04, 0.09) 0.68 (0.29, 0.92)
Medullary 0.54 (0.20, 0.88) 0.29 (–0.05, 0.62) 0.51 (0.22, 0.80)

Porosity (%)
Total cortex 15.9 (5.55, 26.3) 6.74 (–3.11, 16.6) 0.53 (0.21, 0.83)

4.97 (–0.14, 10.1)a 9.47 (3.91, 15.0)a 0.27 (0.08, 0.60)a

Compact cortex 9.14 (3.20, 15.1) 2.84 (–2.61, 8.29) 0.56 (0.22, 0.86)
5.09 (0.68, 9.50)a 5.44 (1.00, 9.88)a 0.36 (0.13, 0.69)a

Outer transitional zone 6.29 (2.76, 9.83) 1.75 (–1.55, 5.05) 0.61 (0.25, 0.88)
4.06 (1.39, 6.74)a 3.03 (0.29, 5.77)a 0.46 (0.19, 0.74)a

Inner transitional zone 3.73 (1.43, 6.04) 2.74 (0.41, 5.07) 0.47 (0.20, 0.75)
2.45 (0.72, 4.19)a 2.94 (1.04, 4.85)a 0.37 (0.16, 0.65)a

Trabecular vBMD (mg/cm3) 1337 (451, 2223) 881 (0.66, 1761) 0.47 (0.20, 0.77)

s2
A ¼ additive genetic variance; s2

C ¼ shared environmental variance; h2¼heritability; CTX¼C‐terminal cross‐linking telopeptide of type I collagen;
P1NP¼procollagen type 1 N‐terminal propeptide; vBMD¼ volumetric bone mineral density.
Adjusted for age, height, and weight.
aAdditionally adjusted for total cross‐sectional area.
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correlations between these distal tibial traits for one twin with
the same traits at the distal radius for her co‐twin, but these
same‐trait cross‐twin correlations were not significantly greater
for MZ than DZ pairs.

Discussion

We found evidence consistent with genetic factors accounting
for 33% to 81% of the variances in total, cortical, and medullary
CSAs, cortical porosity, and trabecular vBMD of the distal tibia
and distal radius for middle‐aged women. Although genetic
factors might also account for covariance between distal tibial
cortical porosity and medullary CSA, this was no longer the case
after adjusting for total CSA. We and other investigators found
evidence consistent with genetic factors explaining 55% to 62%
of the variances in bone remodeling markers.(2,26) These findings
were evident from analyzing premenopausal women only but
less consistently from analyzing the small sample of peri‐ and
postmenopausal women. We also found a correlation between
cortical porosity and trabecular vBMD at the distal radius, but
there was no evidence this correlation had a genetic basis.

Several twin studies reported evidence consistent with a high
heritability for bone traits like total CSA, total vBMD, and aBMD at

the axial and appendicular skeleton.(11,12,27–29) We confirm and
extend these reports by demonstrating that the variance bone
microstructure might also have a heritable component. At both
the distal tibia and distal radius, genetic factors accounted for a
large proportion of the variance in porosity before and after
accounting for total CSA. There also appeared to be larger
contributions of genetic factors to the variance of porosity of the
compact cortex and outer transitional zone (56% to 68%) than
porosity of the inner transitional zone (33% to 47%). The genetic
contribution to variance of trabecular vBMD was about 50%. We
confirm reports of correlations between cortical and trabecular
vBMDat the distal tibia and the same traits at the distal radius, and
correlations between porosity at these two locations.(30) However,
the correlations between cortical vBMD and trabecular vBMD at
the distal tibia in one twinwith the same trait at the distal radius in
her co‐twin were not higher for MZ than DZ pairs, suggesting that
these correlations are unlikely to have a genetic basis.

Femur midshaft postmortem specimens from baboons in a
single pedigree were used to estimate heritabilities of 61% to
82% for osteon area, percentage osteonal bone, and wall
thickness, suggesting the variation in intracortical remodeling is
largely genetically determined.(31) There was no evidence for a
genetic component to variation in femur midshaft porosity.(31)

Fig. 1. Within twin pair correlations in monozygotic (MZ, filled dots) and dizygotic (DZ, open dots) pairs for distal tibial total cross‐sectional area (CSA),
cortical CSA, medullary CSA, cortical porosity, and trabecular volumetric bone mineral density (vBMD). Greater dispersion around the regression line is
present in DZ than in MZ pairs.
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Our finding of evidence for a genetic component to variation in
cortical porosity may be attributable to the better accuracy of the
StrAx1.0 method, a nonthreshold‐based software analysis that
quantifies porosity below 100 microns, because 80% of the
porosity of the cortex is below this value and is not quantified by
standard methods.(18,23)

Cortical porosity measured in this study was several‐fold
higher than the 5% to 15% porosity reported from Scanco
analyses of HR‐pQCT images.(32–34) Although cortical bone is
compact relative to trabecular bone, the term “compact” is a
misnomer. Cortical bone is a 3‐dimensional structure contained
within the periosteal and endocortical surfaces. Its volume
comprises mineralized bone matrix volume and a void volume
formed by the Haversian and Volkmann canals and the osteocyte
lacunar‐canalicular system.(18,35)

These voids are not empty; they contain extracellular fluid.
Measurement of bone water content provides an accurate
measurement of the component of cortical bone volume that is
void volume. Directmeasurements of cortical bonewater content
across species using deuteriumoxide or dehydration experiments
report a void volume ranging from 15% to 40%.(36–38) The values
for porosity reported here are in agreement with the above and
are compatible with the physiological role of the canals that
house bone’s vasculature. Moreover, in healthy individuals such
as those studied here, there is little if any difference in the degree
of matrix mineralization.(39) Hence, differences reported here can
be confidently attributed to porosity, not reduced mineralization.

Finding that cortical porosity and medullary area correlated
within an individual and across twin pairs before but not after
adjusting for total CSA is consistent with the notion that there is
coregulation of resorptive excavation of themedullary cavity and
intracortical remodeling forming cortical osteons, eachwith their
Haversian and Volkmann canals. Whether this coregulation is
genetically determined is unclear and is not supported by this
data. However, we are reluctant to infer that the coregulation
does not have any genetic component given the cross‐sectional
nature and size of the study. Prospective studies are underway
examining this question.

Fig. 2. (A) Within individual cross‐trait correlation between distal tibia
cortical porosity as a function of medullary cross‐sectional area (CSA) in
monozygotic (filled dots, solid regression line) and dizygotic (open dots,
dashed line). (B) Cross‐twin cross‐trait correlation between distal tibia
cortical porosity in one twin as a function of medullary CSA in the other
twin, in monozygotic (filled dots, solid regression line) and dizygotic twin
pairs (open dots, dashed line).

Table 4.Within Individual and Cross‐Pair Cross‐Trait Correlations for Cortical Porosity and Medullary CSA, Trabecular and Cortical vBMD
Within Distal Tibia Site, Within Distal Radius Site, and Across Sites for Monozygotic (MZ) and Dizygotic (DZ) Twin Pairs

MZ DZ
Difference

r p rMZ p rDZ p p

Within individual Cross‐pair cross‐trait same site

Cortical porosity, medullary CSA (tibia) 0.62 <0.001a 0.49 <0.001a 0.27 0.001a 0.024a

0.36 <0.001b 0.33 <0.001b 0.21 0.008b 0.258b

Cortical porosity, medullary CSA (radius) 0.72 <0.001a 0.47 <0.001a 0.37 <0.001a 0.290a

0.69 <0.001b 0.47 <0.001b 0.32 <0.001b 0.120b

Cross‐pair same trait across sites

Cortical porosity 0.63 <0.001a 0.52 <0.001a 0.36 <0.001a 0.082a

0.67 <0.001b 0.60 <0.001b 0.50 <0.001b 0.215b

Trabecular vBMD 0.67 <0.001 0.58 <0.001 0.44 <0.001 0.097
Cortical vBMD 0.63 <0.001 0.51 <0.001 0.36 <0.001 0.105

Cross‐pair cross‐trait same site

Cortical vBMD versus trabecular vBMD (tibia) 0.30 <0.001 0.22 0.001 0.18 0.019 0.719
Cortical vBMD versus trabecular vBMD (radius) 0.33 <0.001 0.26 <0.001 0.19 0.015 0.522

CSA¼ cross‐sectional area; vBMD¼ volumetric bone mineral density.
aTwo‐tailed test using likelihood ratio test, adjusted for age, height, and weight.
bAdditionally adjusted for total CSA.
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Identifying genetic factors coregulating excavation of the
medullary and intracortical void volumes is important because
it has implications for understanding the growth‐related and age‐
related pathogenesis of bone fragility. During growth, greater
endocortical excavation reduces the thickening of the cortex
produced by concurrent periosteal apposition, whereas forma-
tion of larger numbers of osteons per unit cortical CSA produces
greater intracortical porosity (canals in cross section). Thus, for a
given total bone CSA, excavation of a larger total void volume
(intracortical plusmedullary canal) produces a reciprocally smaller
mineralized bone matrix volume within the periosteal envelope.
The region is relatively lighter—it has a lower peak total vBMD.(10)

Lightness is an advantage for mobility and energy consump-
tion, but it could become a liability later in life when unbalanced
and rapid remodeling erodes a structure susceptible to fragility
because of the assembly with less material per unit volume
during growth. When configured with more void volume and
reciprocally less mineralized bone matrix volume, the structure
has a larger intracortical and endocortical surface area for
remodeling.(5,10) Remodeling, whether signaled from damaged
bonematrix, marrow cells, or centrally, is facilitated when there is
more surface area for it to be initiated upon. Higher rates of
remodeling remove more mineralized bone matrix volume from
a skeleton that has relatively lessmineralized bonematrix to lose.

Higher cortical porosity at the distal radius in postmenopausal
women is associated with forearm fractures.(35) Higher porosity
was observed in taller women with wider bones, having a
relatively larger medullary cavity and more porous and thinner
cortices.(8,10) More porous and thinner cortices are independently
associated with fractures during childhood and early adulthood.
Because most of the twins were premenopausal, the higher
porosity is likely to be growth related, rather than age related, and
so more a function of the porosity (cross sections of Haversian
canals) achieved at the completion of growth than subsequent
enlargement of these canals during advancing age.(5,10)

We confirmed the likely genetic variation of most micro-
architecture traits for premenopausal women by finding greater
trait correlations for MZ than DZ pairs. This was also observed for
several but not all traits for postmenopausal women. However,
we are reluctant to infer genetic factors do not contribute to trait
variances in postmenopausal women because the greater
variance of these traits after menopause(28) limits the power to
detect differences given the small sample size.

The significantly larger contribution of genetic factors to the
variance and covariance of these traits does notmean these traits
are uninfluenced or unchangeable by environmental or lifestyle
factors. Heritability refers to the proportion of total trait variance
of a sample, not any immutability of a trait in an individual.(40)

Illness or drug therapy profoundly affects the bone morphology
ofwomen. It does imply, however, thatwomendiffer in their bone
microstructure more because of differences in genetic factors
than because of differences in their environment. With genetic
contribution of 33% to 81%, the environmental contribution to
population variance of around 19% to 67% is not trivial, so
individual differences in diet, physical activity, as well as
medication or diseases are likely to contribute to trait variation
in the community. Changes in these factors could also produce
considerable changes in a trait, irrespective of its “heritability”
as has been found for the classically heritable trait of “height”
in countries such as Korea and Japan that have had rapid
development over the last decades.

In conclusion, for middle‐aged females, variations in cortical
and trabecular bone microarchitecture and bone remodeling (as

determined by remodeling markers) appear to be largely
genetically determined. It is likely that the cellular machinery of
bone modeling and remodeling during growth, all genetically
determined traits, contribute to differences in the macro‐ and
microstructure of bone in later life. This structure, and in particular
its surface area to bone matrix volume ratio, determines its own
remodeling because remodeling is surface dependent and the
volume of matrix determines its vulnerability to decay when
remodeling becomes unbalanced and accelerated.
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